Summary. The minimum and maximum extracellular Ca2+ concentrations required to promote capacitation, the acrosome reaction, hyperactivated motility, zona penetration and gamete fusion in the mouse have been established. The traces of free calcium in Ca2+-deficient medium were shown not to enhance capacitation since the inclusion of EGTA to chelate free ions during a 120 min preincubation failed to alter the kinetics of capacitation from those observed in the absence of EGTA; 1 h after addition of 1\ m=. \ 80 mM-Ca2+, both suspensions were highly fertile. Complete capacitation, when suspensions were immediately functional upon the addition of 1\m=.\80 mM-Ca2+, required the presence of \m=ge\90 \ g = m \ M -C a 2 . Considerably higher concentrations were required to initiate optimal sperm responses: acrosome reaction, 900 \g=m\M;gamete fusion, 900 \g=m\M;hyperactivated motility, 1\m=.\80 mM; zona penetration, 1\m=.\80mM. None of these changes was effected when Ca2+ was <450 \g=m\M. The responses to elevated Ca2+ were dependent on the length of incubation, being initially positive and then negative. A short (30 min) exposure to 3\m=.\40mM-Ca2+ ( \ m=x\ 2 the standard) accelerated capacitation, as evidenced by significantly increased acrosome loss, precocious expression of hyperactivated motility and enhanced fertilizing ability when Ca2+ was reduced to 1\m=.\80mM. However, extended (120 min) preincubation irreversibly damaged sperm function. In the presence of 7\m=.\20mM-Ca2+ ( \ m=x\ 4), fertilizing ability was inhibited at both 30 and 120 min, despite a high incidence of acrosome loss. The primary deleterious effect appeared to be on motility which was judged to be more erratic than in 1\m=.\80 mM-Ca2+, possibly due to elevated intracellular Ca2+. Because of the considerable difference in threshold Ca2+ concentrations, it is now possible to dissociate the Ca2+-dependent events of capacitation from those of the acrosome reaction and motility changes.
Introduction
It has long been known that extracellular free calcium ions are required for successful fertilization in invertebrates (Loeb, 1915) and mammals (mouse: Iwamatsu & Chang, 1971) . In all systems examined an influx of Ca2 + is required to initiate the acrosome reaction, with its attendant release of enzymes and membrane alterations necessary for sperm-egg interaction (reviewed by Fraser, 1987) . However, after leaving the male reproductive tract mammalian spermatozoa must first undergo capacitation (Austin, 1951; Chang, 1951) which then enables them to undergo the acrosome reaction and to express hyperactivated motility. Both are required for spermatozoa to penetrate the egg investments and fuse with the egg plasma membrane (Yanagimachi, 1981; Bedford, 1983; Fraser, 1984) and hyperactivated motility, as well as the acrosome reaction, is Ca2 +-dependent (guinea-pig: Yanagimachi & Usui, 1974; mouse: Fraser, 1977 ; hamster: Yanagimachi, 1982 If incubated in Ca2 +-deficient medium sufficiently long to promote capacitation in complete medium, they will undergo the acrosome reaction within minutes of intro¬ duction of extracellular Ca2+ (Yanagimachi & Usui, 1974) . Similar manipulations of hamster (Yanagimachi, 1982) and mouse spermatozoa (Fraser, 1982) have shown them not to be func¬ tionally equivalent to fully capacitated suspensions, based on acrosome loss, hyperactivated motility expression and fertilizing ability, but rather to be partially capacitated. If Ca2 + is added at the end of preincubation, fertilizing ability is acquired gradually. Mouse spermatozoa require extracellular Ca2+ during the final 30-60 min of a 120-min preincubation phase in order to equal the functional abilities of spermatozoa preincubated in the continuous presence of Ca2
+ (Frazer, 1982) .
Since Ca2 + plays such a central role in fertilization-related events, this study was designed to examine in greater detail the concentrations required to support capacitation, the acrosome reac¬ tion, hyperactivated motility and fertilization. While the emphasis has been placed on minimum concentrations, values higher than the control have also been examined. Once these limits have been established, it may prove possible to manipulate individual steps during fertilization in specific ways.
Materials and Methods
Media. The standard medium was a modified Tyrode's solution lacking pyruvate and lactate and containing 5-56 mMglucose and l-80mM-CaCl2 (Fraser, 1983b) . All media were supplemented with crystalline BSA (4 mg/ml; Sigma, Poole, Dorset, U.K.). Calcium-deficient medium was prepared by omitting CaCl2; although containing trace amounts of Ca2+ contributed by the other salts, this medium supports neither complete capacitation nor fertilization in vitro (Fraser, 1982 (Fraser, 1983a) . Sperm suspensions were prepared by releasing the contents of 1 cauda epididymidis from each of 2 mature (age >8 weeks) TO males into 1 ml medium. By using this ratio of epididymides to medium, a maximum of 4 samples can be prepared from each pair of males. Suspensions were preincubated for a total of 120 min at 37°C and fertilizing ability was assessed at 30 and/or 120 min. Aliquants were diluted~10-fold to yield a final concentration of 1-2 106 spermatozoa/ml; eggs were released into 300 µ droplets of diluted suspension.
Incubations were carried out in 30-mm plastic tissue culture dishes (Sterilin, Teddington, Middlesex, U.K.) and medium was overlaid with autoclaved liquid paraffin (Boots, Nottingham, U.K.). A gas mixture of 5% C02-5% O2-90% N2 was used throughout.
Routine assessments. At 65-70 min after mixing of gametes in all fertilization experiments, eggs were transferred from sperm suspensions to droplets of fresh medium and, at 75 min, fixed by flooding the dishes with neutral buffered formalin (4% formaldehyde). Eggs were then stained, mounted and assessed for fertilization (Fraser, 1983a, b) . They were considered to be fertilized if they had resumed the second meiotic division and contained a decondensing sperm head. As a measure of rapid sperm penetration, the proportion of eggs at telophase Il/second polar body which had a fully decondensed sperm head was calculated; this is the most advanced stage achieved within 75 min (Fraser, 1983a) .
Diluted sperm suspensions were assessed for proportion of cells exhibiting motility. In addition, a subjective estimate was made of the proportion of motile spermatozoa exhibiting the very fluid flagellar undulations, including the figure-of-eight pattern, that characterize hyperactivated motility as illustrated in Fraser (1977) .
Acrosome loss was evaluated after filtering sperm suspensions to select motile cells. Fig. 2 . In the second set, a sperm suspension was prepared in 90 µ -Ca2 + medium and preincubated for 120 min, at which time 4 aliquants were removed. To each was added the appropriate CaCl2 stock to give final concentrations of 180 µ , 450 µ , 900 µ and 1-80 mM. After 10 min suspensions were filtered, fixed and assessed (N = 4).
The acrosome reaction response was consistent with the fertilization data obtained in Series I and II. After preincubation in 90 µ -03 2, few spermatozoa had undergone the acrosome reac¬ tion but the introduction of 1-80 mM-Ca2 immediately triggered a response which did not differ statistically from that observed in the + Ca suspension (Fig. 3) . In contrast, acrosome loss was low in the -Ca suspension, irrespective of whether 1-80 mM-Ca2 + was added. This confirms the conclusion drawn from Series II that 90 µ -Ca2 + supports full capacitation. In the second set of experiments, the minimum concentration of Ca2 + required to trigger the maximal acrosome reaction response in capacitated sperm suspensions was 900 µ , i.e. half that found in the standard medium (Fig. 4) . Although no response was evoked by 180 µ -Ca2 +, a significantly increased incidence of the acrosome reaction was promoted by 450 µ -Ca2 +. Despite the above observations no significant differences in the ability of suspensions preincu¬ bated for 120 min in 1 -80 or 3-60 mM-Ca2
+ to fertilize zona-free eggs could be detected (Table 5) : all eggs were fertilized and the incidence of polyspermy was similar. Even in 7-20 mM-Caz + ,~7 5% of eggs were fertilized; the much reduced incidence of polyspermy in this treatment group is consistent with the apparently reduced functional ability of the sperm population. The pattern of acrosome loss in 1-80 mM-Ca2 + medium was typical of that usually seen (Fraser, 1983a, b) : few acrosome-reacted spermatozoa at 30 min (mean of 11%; Fig. 5 judged to express hyperactivated motility to the degree expected from previous evaluations of highly fertile populations (e.g. Series VI, this study; Fraser, 1983b) and while motility in the elevated Ca2+ concentrations was often less good, it was never markedly reduced. In 3-60 mM-Ca2 + , the proportion of motile cells was always equivalent to that in control + Ca medium but the pro¬ portion expressing hyperactivated motility was frequently reduced, ranging from~50% as seen in controls down to~15%. Occasionally the movements had a somewhat jerky appearance, but suspensions were never judged to be severely affected. In contrast, the suspensions incubated in 7-20 mM-Ca2 + consistently had fewer (usually by~10%) motile cells than did control suspensions, hyperactivated motility was seen in only about 10-15% of cells and movement patterns were usually erratic. Despite these differences, the spermatozoa in elevated Ca2+ did not appear to be severely compromised by the treatment when assessed by light microscopy.
Discussion
Data from both this study (Table 1) and an earlier one (Fraser, 1982) + was added; 1 h after such treatment, suspensions were highly fertile. This is consis¬ tent with the report by Fraser (1982) that complete capacitation of mouse spermatozoa required the presence of extracellular Ca2 + during the final 30-60 min of preincubation; with a shorter exp¬ osure suspensions proved to be only partially capacitated. In contrast, the introduction of Ca2+ to guinea-pig spermatozoa preincubated in Ca2 + -deficient medium promoted fertilization within a relatively short time (Yanagimachi & Usui, 1974) , suggesting that the cells were completely capacitated and ready to respond to Ca2 +.
Further experiments established the minimum concentration required during preincubation to ensure a consistent maximal fertilization response when 1-80 mM-Ca2 + was added at 120 min. This proved to be 90 µ , i.e. only 5% of that included in standard Tyrode's. Interestingly, all lower concentrations examined generally improved fertilizing ability compared with that obtained with Ca2 +-deficient medium, although the response of individual suspensions varied considerably (Fig.   1 ). Following preincubation in 90 µ -Ca2"1", the minimum Ca2+ to ensure fertilization, including both zona penetration and sperm-egg fusion, was investigated using zona-intact eggs and zona-free eggs, respectively. Only 1-80 mM-Ca2 + supported maximal fertilization of zona-intact eggs. With zona-free eggs, no gamete fusion was observed until 450 µ -Ca2"1" was added; then, 50% of eggs were fertilized, a figure considerably higher than the 20% of zona-intact eggs. The fact that a very few zona-intact (3/79, Table 2 ) but no zona-free eggs were fertilized in 180µ -Ca2"1" probably indicates the presence of some Ca2
+ associated with the cumulus cell complex. There were no detectable differences in fusion between suspensions in 900 µ and 1 -80 mM-Ca2 +. The fact that polyspermy was considerably higher with suspensions incubated continuously in 1-80 mM-Ca2 + suggests that the numbers of competent spermatozoa are greater under these conditions. On the basis of the above results, maximum fusion between mouse gametes requires 900 µ -Ca2"1", while maximum zona penetration requires 1-80 mM-Ca2 +. These results for zona penetration are consis¬ tent with those, also for the mouse, reported by Miyamoto & Ishibashi (1975) . In most other species comparable optimal values have yet to be established, but gamete fusion in the hamster would appear to have a lower minimum since 250 µ -Ca2 + supported fusion in 83% of eggs and 1-00 mM, in 93% (Yanagimachi, 1978) .
It has been reported that mouse spermatozoa require Ca2 + in order to bind the zona before penetration (Saling et al, 1978; Heffner et al, 1980 (Fig. 3) . When increasing concentrations of Ca2+ were introduced to similarly preincubated suspensions, the maximum acrosome reaction response was evoked by both 900 µ -and 1-80 mM-Ca2 + and a response still significantly above background was initiated by 450 µ -Ca2 +. It is generally accepted that sperm¬ atozoa must undergo the acrosome reaction before fusion with the egg (Yanagimachi, 1981) and these results for triggering of the acrosome reaction are completely consistent with the minimum and optimal Ca2+ concentrations required for gamete fusion. Few comparable data are available for other species, although in the study of Yanagimachi (1982) (Fraser, 1982; Cooper, 1984) . Maximal fertilization of zona-intact eggs was only achieved when the Ca2 + concentration was sufficiently high (1-80 mM) to support both maximal acrosome reaction and motility responses. The calcium ion concentration in the mouse ampulla, when measured post-coitally, is 1-71-1-94 mM (Borland et al, 1977) and thus should provide optimal Ca2+ concentrations for fertilization in vivo.
Responses to elevated Ca2 + proved to be strongly dependent on length of incubation in such conditions, with extended exposure irreversibly damaging fertilizing potential. The concentrations used, 3-60 and 7-20 mM, were 2 and 4 the concentration found in standard Tyrode's medium. The higher of these was very detrimental to sperm function after both brief (30 min) and extended (120 min) preincubations and these effects could not be reversed by lowering the Ca2+ concen¬ tration. In contrast, suspensions preincubated for 30 min in 3-60 mM-Ca2 + proved to be func¬ tionally superior, when Ca2+ was reduced to l-80mM, compared with counterparts maintained in 1 -80 mM-Ca2 + ; significantly more eggs were fertilized and more were at advanced stages of nuclear development (Table 4) Fraser, 1987) . It is thought that during capacitation spermatozoa become more permeable to Ca2 + until a critical threshold is reached; increases beyond this will then trigger changes in the acrosome and motility pattern (see Yanagimachi, 1981; Harrison, 1982; Fléchon et al, 1986 (Tash & Means, 1983) . Continued incubation in high Ca2+ might well lead to intracellular Ca2+ levels, beyond those needed to trigger the acrosome reaction/hyperactivated motility, which would ultimately interfere with these responses. For example, although the initial incidence of acrosome loss was high, very little increase was seen from 30 to 120 min. While motility was affected, more noticeably in 7-20 than 3-60 mM-Ca2+ , this was expressed as a more erratic pattern rather than as a cessation of movement. The fact that zona penetration was inhibited more than sperm-egg fusion is consistent with a primary effect on motility; inappropriate or inadequate motility will prevent passage through the zona (Fraser, 1981 (Iwamatsu & Chang, 1971; Miyamoto & Ishibashi, 1975) ; in these, concentrations of approximately 2-5 and 3 the standard were used, respectively. Less consistency in response has been obtained with rat spermatozoa. Davis (1978) and Kaplan & Kraicer (1978) found that elevated Ca2 + (up to 3-40-6-80 mM; 2-4) enhanced fertilizing ability in vitro, while Miyamoto & Ishibashi (1975) reported that these concentrations were as inhibitory in the rat as in the mouse. Such discrepancies are possibly due to strain differences, but might also reflect the ability or inability of the standard culture media to promote Ca2 + entry.
The present study is the first to evaluate critically the minimal and maximal Ca2+ concen¬ trations required to support capacitation, the acrosome reaction, hyperactivated motility, zona penetration and sperm-egg fusion. The optimal concentration to promote all steps in leading to successful fertilization is l-80mM. As Ca2+ is lowered, first motility and then the acrosome reaction/gamete fusion are impaired; as Ca2+ is raised, the primary effect appears to be on motility. Despite the fact that extracellular Ca2+ must be present to ensure complete capacitation, capacitation can now be dissociated from the acrosome reaction and motility changes since the Ca2 + requirements are so different. This will enable specific sperm functions to be examined more rigorously than hitherto possible by manipulation of Ca2 + and will not require use of various drugs to induce responses.
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